Aluminium-silicon alloys constitute one of the main groups of cast aluminum alloys. The eutectic alloy has a Si content of approximately 12 wt. %; its microstructure being formed by the eutectic of α-Al with silicon. However, certain factors, such as the content of Sr, Na, Ca, Cu, Ni, Mg or Fe and the solidification rate, may significantly alter the microstructure expected from the equilibrium phase diagram, with the possible appearance of primary α-Al dendrites as well as silicon particles. The appearance of this latter phase leads to a reduction in the toughness, ductility and wear resistance of these alloys. High wear resistance, good castability and machinability require a fine, uniform distribution of the Si-cuboids [1 and 2] . Recent developments have shown the possibility of conducting novel welding techniques such as friction stir welding on 10 % Si hypoeutectic Al-Si alloys containing Mg [3] which preclude the possibility of extending the technique to nearly eutectic compositions, without an adverse effect on the fatigue behaviour due to the limited growth of pre-existing Si cuboids.
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Aluminium-silicon alloys constitute one of the main groups of cast aluminum alloys. The eutectic alloy has a Si content of approximately 12 wt. %; its microstructure being formed by the eutectic of α-Al with silicon. However, certain factors, such as the content of Sr, Na, Ca, Cu, Ni, Mg or Fe and the solidification rate, may significantly alter the microstructure expected from the equilibrium phase diagram, with the possible appearance of primary α-Al dendrites as well as silicon particles. The appearance of this latter phase leads to a reduction in the toughness, ductility and wear resistance of these alloys. High wear resistance, good castability and machinability require a fine, uniform distribution of the Si-cuboids [1 and 2] . Recent developments have shown the possibility of conducting novel welding techniques such as friction stir welding on 10 % Si hypoeutectic Al-Si alloys containing Mg [3] which preclude the possibility of extending the technique to nearly eutectic compositions, without an adverse effect on the fatigue behaviour due to the limited growth of pre-existing Si cuboids.
Gruzsleski [2] has shown that primary silicon does not nucleate on the impurities that are usually present in these alloys. The refining of silicon is generally achieved by means of the addition of phosphorus. Phosphorus reacts with aluminium in the liquid state and produces a fine dispersion of aluminum phosphide (AlP), with a crystalline structure very similar to that of silicon. Phosphorus thus serves as an M Mi ic cr ro os st tr ru uc ct tu ur ra al l e ef ff fe ec ct ts s o of f p ph ho os sp ph ho or ru us s o on n p pr re es ss su ur re e d di ie e c ca as st t A Al l--1 12 2S Si i c co om mp po on ne en nt ts s (
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The refinement of cuboidal silicon in eutectic Al-Si alloys by phosphorus additions used to manufacture pressure die cast components was studied. The results show that the addition of phosphorus in the form of AlFeP mother alloy before process degassing, leads to the best refinement of the size of the Si-cuboids phase, among several phosphorus additions analysed in the present research.
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Efectos microestructurales de la adición de fósforo a la aleación Al-12Si en piezas fabricadas por colada a presión R Re es su um me en n Se ha estudiado el afino del silicio cuboidal en aleaciones eutécticas Al-Si por acción del fósforo, en piezas obtenidas mediante la técnica de fundición a presión. Tras la adición de fósforo en pruebas industriales, en las que dicho elemento se incorpora al baño con diversas composiciones, los mejores resultados se obtienen con la adición de la aleación madre AlFeP, previa al desgasificado industrial.
effective heterogeneous nucleation site for the silicon phase. Other modifiers of the silicon phase, such as Mg, W, S and La, are not usually employed in industry for a number of reasons [2] .
Many fluxes contain red phosphorus together with salts that serve to prevent the rapid oxidation/ combustion of elemental phosphorus, thus improving its yield in the melt [4 and 5] . Other additives have also been developed following these same principles, namely AlFeP [6] , AlCuP [7] and AlNiP [8] . These are more effective against oxidation, though much more costly. Phosphorous recovery varies in relation to the type of additive employed and the addition technique, but is always low, between 5 and 20 wt. %. The optimum level of phosphorus for favouring a suitable refinement of the Si-cuboids is between 0.003 and 0.015 wt. %, depending on casting conditions [2] . In the present study, phosphorus was added to the mix in the form of red phosphorus, and as an Al-15Fe-5P master alloy when casting Al-Si escalator steps.
2. . E EX XP PE ER RI IM ME EN NT TA AL L P PR RO OC CE ED DU UR RE E
The nominal compositions of the Al-12Si and prerefined Al-12Si commercial alloys employed in the present study are listed in table I. The experimental procedure followed was: in the two initial tests leading, the first test had no P present in the composition and the second one, P was present forming part of the chemistry of phosphorus preconditioned ingots, used as raw material for melting. None of these two first tests had P added in the production route for the manufacture of escalator steps; in the third and fourth tests, 0.003 wt. % P was added in the forms of red phosphorus and the Al15Fe-5P master alloy, respectively (Table II) .
The manufacturing process followed was: after melting the alloy approximately 700 Kg was poured into a treatment ladle at a temperature of approximately 750 °C in each of the tests. Subsequently, phosphorus was added to the mix in the form of rods of red phosphorus or as the Al-15Fe-5P master alloy. The melt was degassed with nitrogen by means of a rotorinjector system [9] and the specimens were poured into a die pre-heated to 340 °C. Finally, the melt was transferred to the holding furnace at a temperature of 675 °C. A fraction of liquid was transferred into the hot chamber injection system in which the escalator steps are moulded. One escalator steps per alloy condition was used for analysis.
Samples of each experimental composition were obtained for metallographic observation in the gravity die-cast condition after pouring liquid into a die preheated to 340 °C. In the pressure die casting condition, samples were extracted by cutting a portion of metal from the central rib of the escalator step. These samples were prepared by conventional mechanical grinding and polishing and etched with an aqueous solution of 0.5 % HF in order to reveal the microstructure under light optical microscopy. Observations were performed using a Nikon Ephiphot metallograph connected to a Kappa ImageBase image analyser.
Evaluation of the volume fraction and the particle diameter of the silicon particles was determined by quantitative metallographic techniques such as point counting, linear and areal analysis [10] [11] [12] [13] [14] . For the point count method the percentage of relative error for the volume fraction of Si cuboids, In the gravity die-cast solidified condition, the Al12Si commercial alloy exhibits a microstructure that consists of silicon cuboids and eutectic silicon phases Figura 1. Metalografía óptica de reflexión de la aleación Al-12Si solidificada en molde metálico a presión atmosférica: (a) aleación comercial sin P añadido, en la que se observan partículas poliédricas de Si cuboidal, en color gris claro; (b) aleación comercial preafinada con P, con presencia de cuboides de Si pequeños e irregulares en tono gris claro, junto a intermetálicos de α-AlFeSi con morfología dendrítica, en tonalidad gris oscura. Microestructura de la aleación comercial tras desgasificado y posterior adición de fósforo rojo (c) y en forma de AlFeP (d). En ambos casos es posible distinguir la morfología acicular del compuesto intermetálico β.
embedded in an α-Al matrix (Fig. 1 a) ). Needles of the α-AlFeSi intermetallic compound, common in Al-Si alloys, can also be seen in figure 1 [15] . This acicular phase is accompanied by the α-AlFeSi intermetallic phase, which presents a dendritic structure, in the experimental heat in which phosphorus was added in the form of the pre-refined commercial alloy (Fig.1 b) ). Crystals of the intermetallic compound with a polyhedral morphology were detected in the alloy to which red phosphorus was added (Heat no. 3) during ladle treatment (Fig. 2) .
The data in table III indicate a slight decrease in the volume fraction of the silicon cuboids in the samples with phosphorus in their compositions. Moreover, a decrease in the mean particle size of the silicon particles was estimated at approximately the same (~18%) after the addition of phosphorus, Table  III and figures 1 c) and d). The largest sizes of silicon cuboids were observed in the samples in which phosphorus was in the form of the pre-refined commercial alloy (Table III and Fig. 1 b) ). Table III shows that the application of pressure provides a reduction of the volume fraction of cuboidal silicon regardless of P additions. This result is in good agreement with the observations made in a former research by the authors [16] [17] [18] where nearly eutectic samples transform into hypoeutectic ones by the application of pressures oscillating in the range of 360 -400 atm. As a result, smaller liquid fractions solidify in the coupled zone thus minimizing the formation of cuboidal Si [19] . Figure 3 shows the microstructures corresponding to the samples taken from the central ribs of the escalator steps both with and without phosphorous additions. The high cooling rates, in combination with the pressure that is exerted on the melt during solidification, lead to microstructural refinement evaluated by the mean Feret diameter, as well as to a uniform distribution of the phases present as compared to the corresponding microstructures solidified under atmospheric conditions in a preheated die mould. It of the Al-12Si alloys commences with the solidification of the Si-cuboidal particles and the α-Al dendrites. It then progresses in the residual liquid with the formation of an alternating lamellar structure of Si and α-Al through the eutectic reaction. The resulting microstructure at room temperature consisted of fine grains of α-Al phase with a quasi-equiaxed morphology, a low volume fraction of extremely fine Si cuboids (Figs.  4 and 5) , and a lamellar eutectic with fine silicon needles. The β-AlFeSi intermetallic compound is mainly present with an acicular morphology (Fig.3) appearing coarser when red phosphorus was added. Small amounts of the intermetallic compound that are polygonal in shape are observed in the sample containing AlFeP (Fig. 3 d) ). 
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4. . D DI IS SC CU US SS SI IO ON N
Schneider [7] reported that the size of silicon cuboids in a eutectic Al-Si alloy decreased from 200 µm to 70 µm when 30 ppm wt. P was added. The refinement by phosphorus that silicon cuboids verified for the commercial alloy (Heat no. 1) under atmospheric die cast conditions, can be seen in Table II . It reached a constant value of ~16.6 % at 30 ppm wt. P, regardless the phosphorus is added as red phosphorus (Heat no.
3) or as Al-15Fe-5P mother alloy (Heat no. 4) during ladle treatment. The results are in good agreement with the trend observed by Schneider, being somewhat different the size reduction ratio, somewhat smaller in the present work. A possible reason for this difference in the reduction ratio might be connected to a higher effectiveness of P in reducing the size of coarser Si cuboids [20] . However, it can be seen that the highest value of the particle diameter was found in Heat no. 2, corresponding to the prerefined commercial alloy. This is indicative of the scant effect of P as a refiner when the levels are around 10 ppm wt. or less.
After analyzing the silicon cuboids in the sample taken when red phosphorus was added in the ladle treatment, no phosphorus content was detected F Fi ig gu ur re e 3 3. Light optical metallography of pressure die cast samples: (a) commercial alloy microstructure showing fine grains of the α-Al phase with quasi-equiaxed morphology and extremely fine cuboids of silicon embedded in a fine eutectic. Needles of β intermetallic can also be seen in dark grey; (b) P pre-refined commercial alloy microstructure depicting the isolated nature of the acicular eutectic constituent; (c) after adding red phosphorus as a refining agent to the commercial alloy; and (d) with the AlFeP master alloy likewise added for refinement.
Figura 3. Microestructuras obtenidas mediante observación por microscopía óptica de reflexión en muestras procedentes de piezas fabricadas mediante el método de fundición a presión: (a) en la aleación comercial se muestran los granos de Al-α con morfología casi equiáxica, junto con finísimos cuboides de Si, embebidos en una fina matriz eutéctica; (b) aleación comercial preafinada con P en la que se observa la naturaleza acicular del constituyente eutéctico; (c) aleación afinada con fósforo rojo; y, (d) aleación afinada con fósforo añadido de modo análogo al anterior en forma de aleación madre AlFeP.
( Fig. 5 a) ). However, the presence of phosphorus was detected in the specimen to which AlFeP was added (Fig. 5 b) ). The results obtained by means of the application of quantitative metallographic techniques (Table III) support this finding. After the addition of red phosphorus, no decreases in the size of the Si phase of the pressure die cast parts was measured. A possible explanation for these findings may lie in the losses that the refining agent experiences as a result of a possible oxidation/combustion of the elemental phosphorus dissolved in the melt, possibly due to the high dwell times at elevated temperature inside the holding furnace [21] . A slight increase in the volume fraction of the cuboids was observed after the addition of P to the ladle with respect to the samples in the unrefined condition and the pre-refined one. The data available in the literature [22] underlines that there is no need for the addition of phosphorus as a refiner of the Si cuboids when the alloys are processed by means of high pressure die casting, owing to the reduction in size obtained by the high cooling rates involved. However, the results obtained in this study, as regards the size of the Si-cuboids, indicate that the addition of phosphorus in the form of AlFeP is capable of producing a further refinement in the size of this phase of approximately 45 %.
It can be seen that the largest mean particle diameter of the silicon cuboids, in the pressure die casting condition corresponded to the sample refined by adding red phosphorus. The particle size is larger Figura 5. Micrografías electrónicas de las muestras obtenidas a partir de piezas fabricadas mediante fundición a presión, en la aleación Al-12Si a la cual se le adicionó fósforo, como afinante en forma de: (a) Fósforo rojo y (b) AlFeP. Se adjuntan los resultados de los análisis puntuales efectuados sobre cuboides de Si.
than that obtained by adding Al-15Fe-5P to the melt in the same stage of processing. According to the technical literature [22] , after the formation of the AlP particles, these tend to coalesce by clustering when the treated liquid dwells for relatively long times. In the industrial process followed in this study, this dwell time corresponded to the time elapsed from the degassing stage in the holding furnace until the injection of the treated melt in the dies. As a result, the number of nucleation sites for the Si cuboids could have decreased significantly thus leading to an increase in the particle diameter. The fact that the AlP particles are more readily available when phosphorus is added to the molten metal in the form of red phosphorus as opposed to Al-Fe-P also favors coalescence at earlier stages, thus explaining the difference in diameter found in this research.
5. . C CO ON NC CL LU US SI IO ON NS S
In atmospheric die cast samples, a reduction in size of the Si particles of approximately 17 % was obtained after the addition of P during the ladle metallurgy treatment.
The atmospheric die cast sample obtained from the pre-refined commercial alloy containing P exhibited the largest size of Si cuboids. This result is attributable to the low initial percentage of this element and to further losses due to oxidation.
After the addition of red P during ladle metallurgy, no reductions were observed in the size of the Si phase of the pressure die cast parts, indicating a possible fading effect that translates into less refined Si particles.
In the present study, it was possible to obtain a further particle diameter refinement of approximately 45 % of the already small Si cuboids obtained by rapid cooling during pressure die casting by adding P in the form of AlFeP. This result implies a certain degree of novelty, since most of the technical literature reviewed stresses that the addition of P to pressure die casting is inefficient.
